Models for the rate of decay of rotor tip vortices, based on near-wake data and computations, are in conflict with the observed persistence of rotor tip vortices for many revolutions. A correlation of data from the literature shows that the measured tip vortex strength is only 40% of the strength expected from the peak of the blade bound circulation, for blades with sharply-cut straight-edged tips, over a wide range of tip Mach and Reynolds numbers. Explanations of this drop in the near wake through turbulence models, are seen to be both counter-intuitive and in conflict with measurements of turbulent fluctuations. Using flow visualization and velocimetry in the wake of a 2-bladed rotor in low-speed forward flight, explanations are shown for these mysteries. Shear layer development at the blade tip, and the twist distribution of the blade have a strong influence on the fraction of the blade tip vorticity lost into the inboard counter-rotating wake. The observations of elliptic core shape and of multiple local extrema of axial velocity deficit, are shown to be features of the shear-layer separation and rollup processes. Blade-to-blade differences in vortex evolution from the same rotor are traced to surface texture differences at the blade tip. Results in the literature reporting 90 t0 100% tip circulation recovery for such blades, are seen to be in cases where the induced velocity due to the tip vortex could not be distinguished from that due to the inboard sheet.
I. Introduction
Prediction of the behavior of tip vortices from rotor blades is critically important to most aspects of rotorcraft operation -yet there continue to be first-order uncertainties and apparent conflicts in present-day observations, predictions and models of their characteristics. Applications include the prediction of blade-vortex interaction noise 1, 2 , improvement of rotor performance 3, 4, 5, 6, 7 , prediction of mutual interaction between wakes, and wake /rotor /airframe interactions involving the main rotor(s), fuselage and tail rotor 8, 9 and predicting wake-ground interactions which are important to improve handling qualities and reduce debris hazards in near-ground operation 10 . This paper examines issues related to the formation and the decay of vortices from rotor blades in the light of recent measurements and analyses. A conceptual model for the growth and decay of the tip vortex is proposed, which takes into account the features seen from data.
The problem is difficult because of the need to capture vortex trajectory and characteristics accurately for 100 to 400 blade chords downstream including the effects of mutual interactions. Computationally, this poses formidable challenges of resolution, as well as issues of turbulence modeling. Experimentally, it has proved to be quite rare, but not impossible, to maintain conditions steady (periodic) enough to capture vortex characteristics averaged over enough cycles for statistical accuracy. Even with steady conditions, the use of finite-sized particles to seed the flow for optical measurements, poses uncertainties related to the inertial lag of particles in a vortex core, and at the blade tip.
Recent advances surmount some of these difficulties. The advent of Particle Image Velocimetry, with the newer capability to capture strong cross-flow, has made it possible to capture vortex characteristics even where there is substantially aperiodic "jitter" 11 . The mutual interactions between vortices have been shown to be a basic, deterministic phenomenon in Ref. 3 . These studies, done in large facilities at full-scale tip Mach and Reynolds numbers, enable us to link earlier and current basic studies on smaller configurations, and use the detailed measurements acquired over the years of work involved in PhD dissertation research. This has opened the way towards some potential breakthroughs.
Problem Statement
A consistent explanation is sought for the following set of observations. First, the known observations from nature/ full-scale flight visualization:
1. Aircraft tip vortices persist for several minutes in the undisturbed upper atmosphere 12 .
2. Flow images taken during rotorcraft operation, show strong density gradients persisting in the thin vortex core for several revolutions of the wake.
Next, the nagging problems seen in calculation schemes:
3. In potential code formulations, the trajectory of a computed "force-free-wake", which gives the correct blade loads, does not in general match the measured (real) vortex trajectory. Other adjustments must be made to resolve this. Computations with different models of vortex structure give different trajectories.
4. First-principles based computational fluid dynamics codes are as yet unable to capture the persistence of the rotor tip vortex to beyond 1 revolution -too short to be of use in predicting blade-vortex interactions or the wake-induced velocity properly. Since modeling has to be used to close the calculation, rotorcraft vortices are often presumed to decay within a very few rotor revolutions in these computations.
Next, the sources of controversy:
5. Models for turbulence and other postulated mechanisms of vortex core decay do not appear to agree to within orders of magnitude with observed decay rates 21, 24 -as obvious from items (1 and 2)
6. There is substantial scatter in the conclusions published regarding the structure and evolution of rotor tip vortices. For example, until very recently (and probably repeated in future) many papers assumed or reported jet-like core axial velocity profiles.
7. Some experiments have concluded that there is substantial aperiodic jitter in vortex core behavior, starting at a low vortex age. Further, these experiments suggested rapid decay of the vortex core velocity profiles, and a chaotic degeneration of tip vortices into an amorphous-structured "far wake".
8.
Other experiments where the tip Mach number and tip chord Reynolds number cover wide ranges, have shown that when facility wall interactions are reduced sufficiently, the wake of a rotor does indeed evolve in a deterministic manner -at least for rotors with up to two blades. There is very little aperiodic jitter -however, there is a consistent mutual interaction between vortices, which causes subharmonic and higher-harmonic frequency content in data, and deterministic transition to the far wake through vortex pairing.
9.
Further, such experiments have succeeded in showing that the vortex core size remains small (i.e., vortex remains strong) for large vortex ages 3,13. From the above, we see that an explanation is needed -why the vortex strength appears to be much different than expected from theory, why the measured decay rates are so much lower than what is postulated from the difference between the expected and measured vortex strengths, and why the vortex core geometry appears to be different from what is expected.
Objectives
This paper attempts to bring together the diverse observations, in the light of our own series of PhD theses, and recent experiments elsewhere.
II. Approach
The evidence for the existence of a paradox is first shown. Recent measurements from elsewhere are compared with measurements at our laboratory to explain some of these persistent mysteries.
Observations on Tip Vortex Persistence
We have all seen tip vortex "contrails" extending for miles behind large transport aircraft, before breaking up -these, however, cannot be assumed to be pure tip vortices, because they are likely to have some of the engine exhaust entrained. There are reports in the literature of aircraft encountering sudden "clear-air turbulence", and experiencing sharp rolling moments due to encounter with tip vortices upto 10 miles behind large transports in the stratosphere -this corresponds to 1 minute of persistence at a transonic flight speed. Figure 1 16, 17 . The eventual breakdown of these vortices appears to be related to cross winds or mutual interactions and instabilities, which cause sharp bends to occur in the vortex trajectory 18 .
Photographs of rotorcraft operations sometimes capture vortex trajectories when critical levels of humidity cause condensation at the edge of the vortex core and scatter sunlight. The condensation indicates regions of pressure and temperature deficits. Vortices can also be visualized 20 by light refracting through density gradients at the edge of the core. Figure 4 shows tip vortices in the Ames 80' x 120' wind tunnel at a low advance ratio, around a Sikorsky S-76 main rotor. The tip Mach number is 0.605. Thus the peak swirl Mach number in the tip vortex is also expected to be of this order at vortex origin. In density-gradient shadowgraphy, the contrast is proportional to the second spatial derivative of density. This is essentially impractical at Mach numbers below 0.29 or so. Thus, one may argue that the core structure with its gradients, persists for a large wake age -in situations where the tip Reynolds number is high enough to ensure that the blade boundary layers going into the vortices should be turbulent. The peak Mach number at the edge of the core is seen to decrease by less than 50% over 180 degrees.
Flow visualization in a large facility (the 30' settling chamber at the Ames 7' x 10' tunnel) at a tip Mach number of 0.7, shows that rotorcraft vortices persist for several revolutions of the rotor -see Figure 5 3 . These images are of theatrical fog illuminated by sheets of white light from lamps operating essentially in 16-microsecond pulses. These observations correspond very well with measurements made using laser velocimetry and with light sheet visualization in the wakes of a small single-bladed rotor in hover 6 and a two-bladed rotor in forward flight [8] [9] [10] . In these facilities, the periodicity of the vortex system was clearly demonstrated by long-exposure still photographs of a strobed laser sheet synchronized with the rotor 6 ; comparisons of single-shot vs. ensemble-averaged laser sheet images of the core 21 particle arrival deficit intervals 21 and particle arrival statistics 6 .
Secondary Structure in the Tip Vortex Core
Thompson et al 6 used Laser Velocimetry to examine the vortex formation process and vortex properties in the near wake of a single bladed rotor. They showed that as the tip vortex formed, discrete secondary features corresponding to vortex sheets were visible within the core of the vortex. These measurements were performed with sub-micron incense smoke particles which required an off-axis LV scatter receiver system to capture. Particle size was so small in this case that the particle deficit inside the vortex core was only 50% of the average number of particles encountered outside, whereas in usual LV and PIV measurements, the deficit would be 90% or more of the average. Recently, McAlister et al 11 have obtained tip vortex core measurements using stereoscopic PIV, and their results confirm the observations of Thompson et al. They show discrete layers, and an asymmetric vortex core structure -a feature also reported by Thompson et al. Adams and Gilmore 22 showed images of dramatic clarity, where the tip vortex from a propeller showed multiple layers. An explanation for the "asymmetry" or "elliptical core structure" reported in these works will be attempted using the shear layer hypothesis presented below.
The mystery manifested: observed circulation deficit
It is useful at this point to remind ourselves of Prandtl's finite wing model -and the corresponding rotor blade potential flow model. In the finite wing model (Fig.6a) , what starts out as the tip vortex contains a circulation equivalent to the integral of the trailing vortex strength over the outer 5% or so of the wing, where the bound circulation falls sharply to zero. The inboard vortex sheet of such a wing, moreover, has the same sense of vorticity as the tip vortex -and hence rolls around and into the tip vortex in the near wake, increasing its strength. Theoretically, the tip vortex in the far wake should thus include all the trailed vorticity of the wing.
The rotor blade case (Fig. 6b ) is quite different: most blade designs have peak bound circulation at a point some 85 to 95% of blade radius -very close to the tip. Thus in the lifting line formulation, the tip vortex circulation should reach a peak value equal to this peak bound circulation, whereas the inboard wake remains separate, and does not merge with the tip vortex. This is seen in the well-known early conceptual models adopted by Gray and Landgrebe as a sheet terminating abruptly. Kim 23 showed that the edge of this inboard sheet, for a straight untwisted rotor, rolled up into a strong counter-rotating vortex Ghee 13 verified that such structures occurred as well at higher Reynolds numbers. The CRV moves downward in the wake faster than the tip vortex, and interacts with older tip vortex turns. Kim measured the CRV to be 50% as strong as the tip vortex, in the wake of the two-bladed rotor used in our forward flight experiments at the Georgia Tech wind tunnel 8 . Mahalingam 24 estimated the bound circulation distribution of the same rotor, using blade element theory with measured values of local effective angle of attack (including the local inflow), and showed that from theory, the CRV should be only about 20% as strong as the tip vortex.
Mahalingam used a blade-element calculation to estimate the peak bound circulation on the rotor blade for experiments done by several research groups, and correlated their vortex core measurements against these. The results spanned a large range of Reynolds and tip Mach number, as well as blade aspect ratio. The curious result is that the best fit of the observed tip vortex circulation of a tip vortex roughly one revolution old, to the peak bound circulation value, gave a ratio of k= 0.395, rather than the expected 1.0, between the measured (vortex strength) and expected (peak bound circulation) values. We shall call k the Tip Circulation Recovery Factor (TCRF). The value of k is the slope of the line shown in Fig. 7 . There is a large scatter in slopes between different experiment sets. Specifically for our configuration, this partly reconciles Kim's observation with Mahalingam's prediction -the actual tip vortex strength, when it is measured in the near wake, even 90 degrees downstream of the blade tip, is only 40 to 50% as strong as would be expected from the peak bound circulation.
Examining Figure 7 , we see that the data set from Caradonna and Tung 25 obtained using untwisted blades of aspect ratio 5.97, correspond to the k=0.395 case, just as our data with an untwisted blade of aspect ratio 5.34 do. However, in later experiments using higher-aspect ratio (13.7) blades, Tung et al 26 , cited getting 90 to 100% of the peak bound circulation, by curve-fitting velocity traces after the passage of a vortex across the measuring location, using single-point hot-wire anemometry. Roughly 50% of this was obtained by going from 2 to 10 core radii beyond the vortex center, but stopping short of the intersection of other features. We note that this method depends on the value of the downflow along one radial line -far outside the tip vortex core -to determine the strength of the vortex. Unlike integrals of vorticity or line integrals around a contour in a spatial velocity field, this method cannot distinguish between velocity induced by the tip vortex from that induced by the CRV, and would thus capture the total induced velocity from both the tip vortex and the CRV -and attribute it to the strength of the tip vortex. Thus it gives a tip vortex strength value close to the value of the peak bound circulation.
Recent tests by McAlister
11 , using stereoscopic PIV data at full-scale untwisted tail rotor Mach and Reynolds numbers, again give a measured vortex core circulation of roughly 53% of peak bound circulation by directly capturing circulation from instantaneous spatial velocity field data -and when the vorticity in the outside shear layer is included, a value upto 67 percent of peak bound circulation. Clearly, this TCRF correlation poses a problem to explanations based on lifting line/lifting surface formulations which depend on wake-induced velocity to compute blade loads. The missing 30-60% of the bound circulation must be accounted for.
The immediate manifestation of the TCRF in data is the fact that vortex circulation measured at 50 to 90 degrees downstream of the blade trailing edge shows a value substantially less than the bound circulation maximum estimated from computations. Researchers have sought to explain this difference by postulating that the tip vortex decays rapidly upon formation, the core growing in size and the circulatory velocity falling rapidly, so that within about 90 degrees of vortex age, the strength has come down by 30 to 60%. Some experiments have been reported, which supported this notion -however, the uncertainty in vortex position from cycle to cycle in those experiments had more to do with the reported smearing out of the vortex than any real fluid dynamic mechanism. Despite this problem, these measurements "agreed" with computations where the use of artificial viscosity resulted in a rapid decay of the gradients in the tip vortex. This was a case of experiment and computation both giving conclusions which disagreed with the observed physics.
Turbulence in the rotor tip vortex
Models for fixed-wing tip vortices include a viscous core with solid-body rotation, and several concentric, tightlyspiraling layers of vortex sheets (thin, shear layers) all with the same sense of rotation 26 . This is natural, because in the fixed wing case, from Fig. 6 , this rollup should continue for a long distance downstream as the inboard sheet from the entire semi-span rolls into the tip vortex. Fixed-wing tip vortices also fit the "2-D line vortex" approximation well, since there is no strong axial component (sink effect) in the core. Any axial core deficit in the tip vortex of a large transport aircraft with wing-mounted engines, may be quickly filled up with entrained jet exhaust, rolled into the inboard sheet. Here, turbulent diffusion across these rolling shear layers is an acceptable model. Based on this, it has been suggested that the decay in rotary wing vortices is due to turbulent diffusion, despite evidence that the rotor tip vortex has a strong sink effect, and that the rollup is complete within a very short distance downstream. As discussed in Ref. 21 , estimates of laminar vortex decay show no appreciable decay of the peak circumferential velocity in the vortex ages measured. On the other hand, the turbulent estimate results in a drop to 1% of tip-speed within the first 12° of vortex age. Clearly the measured decay rates 21, 24 ) do not match either the laminar or the turbulent case. However, it is much closer to the laminar estimate than the turbulent one. The root-mean-square velocity fluctuation inside the core was less than that in the freestream, as expected.
III. Experiments from Wong
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The square-tipped two-bladed rotor test case used at the Georgia Institute of Technology (GT) Wind tunnel 8,9,10,21,23 is described in Table 1 , and the testing arrangement is shown in Fig. 8 . Results are reported at 1050 RPM. The tip speed is 50 m/s, and the advance ratio is 0.10. This corresponds to a thrust coefficient of 0.0089. An optical trigger produces a 1/revolution pulse used for phase averaging the data. A fiber-optic probe of 350 mm focal length was used to transmit and receive light in single component laser velocimeter operation. The traverse and probe were outside the rotor wake to minimize flow interference. Atomized mineral oil was used for seeding. Velocity measurements were sorted into bins by rotor azimuth at the time of arrival. Periodicity to better than 1 degree of rotor azimuth was shown on this setup 21. Figures 9 through 11 show cross-flow velocity data acquired in the 1-degree azimuth interval when the indicated chordwise station at the blade tip is passing the 90-degree azimuth, going into the page. The positive X-component is directed out of the page. The blade position is superimposed on the plots which follow a right hand coordinate system. Elliptic core: axial deficit displaced from vorticity center Figure 9 shows that the vortex has clearly formed by a chordwise location of 0.76c. The shape of the vortex is elliptical, wider than it is tall. This is seen to be because of the thick shear layer rolling up from the edge, and carrying a region of strong axial velocity deficit beneath. The circumferential velocity also shows asymmetry around the vortex. Distinct regions of axial velocity deficit are seen. One is the separated zone outside the square tip. The other is above the blade surface -the zone formed as the shear layer separated during rollup over the sharp edge of the upper surface. These regions do not coincide with the center of rotation of the tip vortex.
At x/c = 0.97 (Fig.10 ) the vortex is almost fully formed. The vortex appears only slightly elliptical. The magnitude of the circumferential velocity around the vortex is also more uniform. The wake-like axial velocity region has changed markedly from the previous frame. There is now one spot; approximately 0.2c in diameter, with a velocity approaching 70% of tip speed. Extending above this spot is a larger region with a lower velocity of 20% -30% of the tip speed. The region outboard of the tip has nearly disappeared by this point (D).
In general the location of the peak axial velocity and the center of swirl do not coincide. Mahalingam's forward flight data 21 and McAlister 11 both show an offset between the two locations. McAlister also recorded an elliptic shape of the vortex extending upto one revolution, and secondary structures in the swirl velocity profile across the vortex after a wake age of 180 degrees. Thus it can be seen that the rollup of the fluid with axial velocity deficit at the blade tip causes the elliptic shape, and offset axial deficit recorded in various studies.
Shear layer rotating around solid-body core
The first clear circumferential velocity profile is apparent at an x/c of 0.47 (not shown). Along the horizontal axis, there is a region of solid body rotation with a radius of 3% of the chord. The vertical axis velocity profile also shows a region of solid body rotation. The top of the vortex exhibits 1/r decay outside the core.
This asymmetry of the vortex profile was found by Wong to roll around the vortex, at the rate expected from the swirl velocity at the edge of the solid-body core. It appears at different azimuths around the core at different vortex ages, corresponding to the rollup of a thick shear layer.
The growth of the vortex were examined in the light of this observation. The region of peak circulatory velocity did indeed grow with age -differently from one blade to another. However, the size of the solid-body core, defined as r1 in Ref. 26 remained fixed for a large vortex age. Wong observed substantial differences between the rollup processes on the two blades, where the only difference between the blades was their tip surface condition. The blade with the rougher tip generated the vortex with the thinner shear layer, persisting longer.
Loss of Vortex Circulation
The circulation of the vortex was obtained by computing the line integral around a "fine" measurement grid. During the formation process the vortex was always contained within that grid. The vortex circulation from one blade increased from 0.58m 2 /s at an x/c of 0.47 to 0.89m 2 /s by the trailing edge. The behavior of the second vortex is similar to that of the first, although the second only reaches 0.74m 2 /s by the trailing edge. These values correspond to 100% and 84% of the bound circulation. However, the circulation of the vortices decreased to 50% of the bound circulation by a vortex age of 48°.
The loss of the tip circulation can be explained by "spillage" of tip vorticity into the inboard vortex sheet, as indicated in Figure 11 . The axial deficit region has a role in "pushing" fluid from the tip vortex region out into the inboard region, thus reducing tip vortex circulation This also explains the differences in the recorded tip vortex circulation in various studies. The extent of this loss should depend on the precise details of the tip edge -a rounded tip may have a very different shear layer roll-up and thickness. The key finding is that a large portion of the flow in the upper shear layer of Fig.11 ends up going into the inboard vortex sheet, and does not join the tip vortex. This is the genesis of the large discrepancy between vortex strength and peak bound circulation reported by Mahalingam, Wong, and now by McAllister. It also explains the Caradonna-Tung results 25 .
IV. Discussion and Implications
We now revisit Fig. 7 and consider the datasets with different slopes. The Tung dataset 26 used more than one type of blade. The higher-thrust-coefficient data are obtained using a twisted blade, whereas in the earlier Caradonna-Tung dataset 25 , the higher circulation corresponded to higher tip speeds.
Going back to Fig. 6b , we see that a twisted blade would have a lower magnitude of slope dΓ/dr, where Γ is bound circulation and r is radial distance, inboard of the circulation peak -and hence a weak inboard vortex sheet. The velocity induced by the structure at the edge of this sheet would pull in less of the shear layer rolling up over the blade tip -and hence the loss of circulation with untwisted blades may be lower. A nonlinear curve-fit with a dashed line in Fig.7 denotes this. However, this does not explain the discrepancy in circulation recovery, because the blade used by McAlister had a similar twist distribution to the Tung rotor, and an aspect ratio of 10 -and yet showed only 67% recovery of the bound circulation peak. The answer must be elsewhere.
As noted before, while the original Caradonna-Tung dataset 25 used a curve-fit of the vortex velocity profile close to the core to determine the strength, Ref. 26 used the full velocity trace after a vortex passage -with the reference level of velocity well away from the core defining the strength of the tip vortex. If a substantial portion of that induced velocity came from the CRV, and vorticity rolled into the CRV as seen in Fig.11 , it would be indistinguishable from the effect of the tip vortex. Thus, the recovery factor near unity may be fortuitous.
We see now that the shear layer rollup at the blade tip -which is dictated by tip edge shape -controls how much of the peak bound circulation will be seen in the tip vortex. This determines how thick the separating shear layer is, along with the separated region of strong axial deficit whose size influences the radius of curvature of the shear layer as it rolls up -putting it far above or closer to the blade surface. A secondary factor is the strength of the inboard vortex sheet structure -which is controlled by blade twist. Reynolds and Mach numbers affect the thickness and growth of the separated shear layer, as it rolls around the tip vortex. However, with the strong sink effect started by the separated regions at the tip, the rotor tip vortex remains stable and laminar for a long distance, with the size of the solid-body rotational core remaining approximately constant for a few revolutions of the vortex trajectory. In summary, this paper shows the significance of the finding that the tip vortex circulation Γ v of a rotor blade of peak bound circulation Γ max, is given by kΓ max, where k is roughly 0.4. It shows that this is because the rest of the vortex circulation is swept into the rolled-up outer edge of the inboard vortex sheet. The generality of the 0.4 value remains to be examined, but for now it appears to be a reasonable empirical fit to data for square-tipped blades over a broad range of Reynolds and subsonic tip Mach numbers. The nature of the mechanism identified -the evolution of a thick shear layer and axial-velocity deficit regions, should thus be substantially different for, say, a blade with a half-body of revolution at the tip. These must be explored in future.
V. Conclusions
1. During the formation of the tip vortex, a shear layer comes from the blade tip over the upper surface. The shear layer is sensitive to blade geometry details.
2. A region of strong wake-like axial velocity forms at the blade tip and moves over the tip, where the tip edge is squared off.
3. Part of this shear layer rolls into the inboard sheet and is lost from the tip vortex near the trailing edge of the blade.
4. This loss explains the discrepancy between the estimated bound circulation peak on the blade, and the measured value of tip vortex strength in the wake. The tip vortex circulation recovery factor, which is the ratio between tip vortex strength and bound circulation peak, is roughly 0.4 for square-tipped blades at subsonic tip Mach number.
5. The size of the solid-body rotation region in the vortex core remains unchanged for a large vortex age while the outer shear layer grows in size.
6. The growth rate of this shear layer depends on details of the blade surface geometry, and hence differs from one blade to another.
